[1] In this paper we report on field-aligned currents inferred from high-precision three-component geomagnetic field observations made on board the Danish satellite Ørsted over polar regions. Because of a slow drift in local time of the satellite orbit through the ''noon-midnight'' sector, we were able to study the seasonal dependence of the dynamic properties of the dayside and nightside field-aligned current systems over the Northern and Southern Hemispheres. We find an average over-the-pole distance between dayside and nightside currents of 32°during summer but 37°during winter and 36°during equinox. The decrease in the size of the summer polar cap is caused by a shift of both daytime and nighttime current systems to higher magnetic latitudes. For comparison, the dawn-dusk cross-polar distance of the Region 1/Region 2 field-aligned currents has been determined from high-precision data observed by Magsat, a satellite flown in 1979-1980 in a ''dawn-dusk'' orbit. The latter results show that the dawn-dusk distance between R1/R2 currents exhibits little seasonal dependence and amounts to $34°for all seasons in both polar caps. The seasonal dependence is confirmed for the high-latitude field-aligned intensities; they are larger by a factor of 1.5-1.8 in the sunlit (summer) polar cap in comparison with the winter hemisphere. Our results suggest that the R1/R2 and dayside field-aligned currents are well balanced between the pairs of downward/upward currents for all seasons as well as between hemispheres during equinox. We were not able to confirm results reported in earlier studies that the net currents tend to increase with an enhancement of ionospheric conductivity caused by the solar illumination or substorm activity.
Introduction
[2] Average distributions of field-aligned currents (FACs) over the polar regions have been the subject of numerous studies since their first outline as the Region 1/Region 2 (R1/R2) current system derived from TRIAD satellite observations [Zmuda and Armstrong, 1974; Iijima and Potemra, 1976] . This R1/R2 organization of the currents is very persistent in the dawn and dusk sectors of magnetic local time (MLT), whereas the currents near noon are known to depend strongly on the interplanetary magnetic field conditions [for example, see Iijima et al., 1984; Erlandson et al., 1988] . Validity of the sheet current approximation to the field-aligned currents has been examined by Hoffman et al. [1994] and Yamamoto et al. [2000] . Watanabe et al. [1998] have investigated field-aligned currents in the magnetospheric ground state, and Hoffman et al. [1994] have investigated field-aligned currents associated with auroral substorms in the nighttime sector. The active role of the ionospheric conductivity on the magnetosphere-ionosphere coupling has recently been investigated extensively from the viewpoints of aurora occurrence [e.g., Newell et al., 1998 ] and strong field-aligned electric fields in the downward FAC region [e.g., Carlson et al., 1998; Elphic et al., 1998 ]. However, the seasonal dependence of the field-aligned currents was examined only by Fujii et al. [1981] , who showed that the dayside currents in the summer were located at 1°-3°h igher latitude than during winter.
[3] The first Danish satellite, Ørsted, was launched on February 23, 1999, into a low-Earth, polar orbit with inclination 96.48°, perigee 649 km, and apogee 865 km; the satellite has been in operation for $3 years. The ascending node was at 1411 LT at launch, and the orbit plane drifts À0.9 min local time per day. One of the primary objectives of the mission is to survey the Earth's magnetic field with the highest possible accuracy in order to study the main geomagnetic field and its secular variation. Thus the satellite carries a three-axial magnetometer and other instrumentation for high-precision, absolute measurements of the field (better than 5 nT per component) . During the first year of operation, data were processed for quiet magnetic conditions to determine a 13th-order spherical harmonics model and an IGRF-2000 model truncated to 10th order [Olsen et al., 2000a] . The follow-on Ørsted Initial Field Model was derived to the 19th order [Olsen et al., 2000b] .
[4] In this paper we study the seasonal dependence of the highlatitude FAC systems, particularly their spatial distribution, using high-precision magnetic field observations from the Ørsted and Magsat satellites. We have chosen Ørsted observations obtained during equinox (August 25 to October 11, 1999) and northern winter (November 26, 1999 , to January 24, 2000 . The orbit's ascending node during these intervals drifted between 1145 -1100 and 1020 -0925 LT, respectively. However, because of the offset between geographic and geomagnetic poles, the satellite covered near-geomagnetic-pole regions in both hemispheres quite well. To complement the Ørsted observations with dawn/dusk observations, we include an analysis of data from the Magsat mission. Two periods were selected: November 26 to January 24, 1979 (northern winter) and February 10 to April 9, 1980 (equinox) . The main goal of this study is to obtain the average locations of the field-aligned currents depending on the season for the dawn-dusk (Magsat) and dayside-nightside (Ørsted) MLT sectors.
Method
[5] The Ørsted Science Data Center (http://www.dmi.dk/ projects/oersted/) delivers the satellite magnetic field measurements in an Earth-centered geographic coordinate system. The magnetic field disturbances over the polar regions were obtained by subtracting the IGRF-2000 model from the three-component magnetic field measurements (1 s resolution). The magnetic field disturbance vectors were then transformed into the corrected geomagnetic (CGM) coordinate system defined by the same main field model [e.g., Gustafsson et al., 1992] . The location of the satellite is given as the altitude adjusted CGM latitude and MLT hour; that is, the CGM coordinates used in this paper are taken at the Earth's surface at the magnetic field-line footprint of the satellite's position. Magnetic east is defined as the direction of constant CGM latitude, magnetic north is perpendicular to this direction, and magnetic local time is obtained as an hour angle from the subsolar point.
[6] The geomagnetic field lines are nearly vertical over the polar region. For example, according to the GEO-CGM code (http://nssdc.gsfc.nasa.gov/space/cgm/), the field lines whose footprints intercept 45°CGM latitude are inclined from 24°to 30°at the satellite's average altitude $750 km. At 65°CGM their inclination varies from 9.5°to 14.5°, and at 85°CGM it varies from 1.0°to 4.5°. In this study we limit ourselves to considering the horizontal components of the residuals for the field-aligned current detection. This causes a maximum error in the dX component (i.e., almost along the satellite track in the ''CGM latitude-MLT'' coordinates) that will be proportional to a cosine of the inclination angle, that is, 13% for the worst case at 45°CGM (where the satellite doesn't detect any currents at all). The maximum error at 65°CGM and higher (where most of the FACs are detected) will not exceed 3%. Note that the equivalent error in the (perpendicular to the track) dY component will be even smaller.
[7] Using Ampere's law, we may calculate the field-aligned current density as the curl of the corresponding magnetic field disturbances:
where x and y are perpendicular to the magnetic field. Assuming vertical field line geometry, we may let x denote magnetic north (i.e., perpendicular to the CGM latitude) and y denote magnetic east. Obviously, we cannot calculate the curl from a single pass of the satellite. One way to overcome this is to collect many passes and consider average distributions of magnetic disturbances. Here, instead, we assume that the current systems are organized as ''infinite'' sheet currents along magnetic latitude such that @/@y = 0 [Iijima and Potemra, 1976] . We determine the current density in 1°i ntervals above ±45°latitude from a linear fit along the orbit, giving @B east /@l, where l is the distance traveled along the orbit. With w being the angle between the orbit and magnetic latitude, we then find
Data are discarded if w is below 45°, where the orbit is primarily tangential to CGM latitude and the assumed direction of the current sheets.
[8] The Magsat satellite data were processed the same way, subtracting the IGRF-1980 model [Langel and Estes, 1985] from the 0.5-s data series available from NASA's National Space Science Data Center (http://nssdc.gsfc.nasa.gov/space/).
[9] In Figure 1 we show the data coverage by Ørsted and Magsat obtained by this method for the periods selected. The numbers on the color bar refer to the number of measurements of the FACs in bins of 1°magnetic latitude and 20 min magnetic local time. Typically, 10 -15 measurements of the magnetic field are used for each computation of the current density. The area covered is mainly determined by the diurnal variation of the geomagnetic coordinate system with respect to the orbit of the satellite and by the rejection of data when the orbit is not sufficiently close to perpendicular to the assumed east-west direction of the current sheets. For the relatively short time span of each of these periods (<2 months) the drift of Ørsted's orbit is of minor importance, though a difference due to the orbit drift is clearly seen between the two periods of Ørsted observations. Magsat did not drift in local time, and the data coverage is identical for the two selected periods.
[10] For reference, the classical picture of average distributions of field-aligned currents is shown in Figure 2 [Iijima and Potemra, 1976] . While Magsat sampled a relatively clear structure over the polar caps with distinctive R1/R2 currents, a more complex region is explored with Ørsted. Not only does Ørsted pass the polar caps both prenoon and postnoon, but the dayside current systems near noon are strongly dependent on the interplanetary magnetic field (IMF) conditions. In addition, Ørsted will at times observe threesheet current systems on the nightside.
Data
[11] In Figure 3 we present an example of the Ørsted observations for two consecutive passes over both the northern and southern polar regions for the magnetic storm event on September 23, 1999. For each pass we show the horizontal component of the magnetic disturbance vectors (in a CGM latitude-MLT coordinate system) along with IZMEM model distributions of the fieldaligned currents parameterized by the IMF strength and direction [Papitashvili et al., 1994] (http://www.sprl.umich.edu/mist/). Beneath the polar plots are shown the corresponding three components of the magnetic disturbances as a function of time. In order to avoid artificial effects near the poles, we use a Cartesian coordinate system defined by the directions sunward (S w , toward 1200 MLT), dawnward (D w , toward 0600 MLT), and vertical (Z ).
[12] The two orbits occur a few hours after the storm commencement when the Dst index began to increase, indicating the beginning of the recovery phase. The storm occurred exactly at equinox, so both polar regions are equally sunlit. The IMF data have been obtained from NASA's ACE spacecraft 1-min measurements propagated ballistically from the L1 point to the nominal magnetopause location at 12 Earth radii. The IMF values shown at the upper left corner are 40-min averages taken at the interval from 20 min before the satellite's magnetic field line footprint crosses ±55°entering the polar cap and to the end of the polar pass. The IMF vector is observed to be turning from southward to northward with a large negative B y component and with a positive B x component, indicating a ''toward-theSun'' IMF sector.
[13] The given IMF configuration was favorable for the development of a strong R1/R2 FAC system as well as for the existence of strong field-aligned cusp currents. During the first northern pass (Figure 3a , left), Ørsted detected an upward current (interpreted as the counterclockwise rotation of the magnetic disturbance vectors) at 75°CGM latitude near 1000 MLT and a somewhat weaker downward current at higher latitudes, while on the nightside it detected a downward current near 68°and an upward current at 63°near 0100 MLT. The underlying IZMEM model confirms the nighttime boundary but fails at the dayside, extending the R1 downward currents to far lower latitudes than the satellite detected. On the following southern pass (Figure 3b , left), Ørsted detected a strong downward current at À70°and an upward current at À78°C GM latitude on the dayside and then a downward/upward pair of currents below À70°on the nightside, again in best agreement with the IZMEM model on the nightside.
[14] As the IMF turned northward, the second northern pass (Figure 3a , right) shows a downward/upward pair of R1/R2 currents near 75°; the nightside R1/R2 pair breaks into small-sized FAC filaments at $68°, manifesting themselves as oscillations in the D w component. On the dayside of the southern polar cap we see a weak upward R2 current at À70°, a stronger downward R1 current at À75°, and a strong upward NBZ current at À80°. On the nightside we again see a filamentary structure rather than a clear R1/R2 separation.
[15] We note that most of the detected dayside and nightside magnetic disturbances show quasiperiodic, fine structure of the field-aligned currents, that is, the D w component shows perturbations from multiple upward-downward minisheets (or filaments) on a background of large-scale magnetic disturbances (e.g., see last three passes in Figure 3 ). These variations are sometimes also seen in the S w component, indicating that the orientation of the FAC sheets may not be exactly along magnetic latitudes. Since we are using the same binning of data (according to CGM latitude) on every orbit, such relatively fast variations are to some extent averaged out.
[16] Examples of the Magsat high-latitude field-aligned currents can be found elsewhere [e.g., Zanetti et al., 1983; Iijima and Shibaji, 1987] .
Results
[17] The analysis above of a few polar passes of the satellite shows that Ørsted detects the existence of both noon and midnight field-aligned currents over both polar caps. Next, we estimate the field-aligned current densities from (2) consecutively for all the orbits of the selected periods and plot the FAC densities colorcoded versus CGM latitude and universal time (UT) of the orbit. We can thereby obtain the spatial distribution of both dayside and nightside current systems. Figure 4 shows the distributions of fieldaligned currents inferred from the Ørsted data for equinox (left) and northern winter/southern summer (right) polar caps; red/yellow regions are downward currents, and blue regions are upward currents, while white areas generally denote a lack of available data. Note that the apparent green color that can be seen in Figure 4 is simply an effect of yellow and blue being interspersed closely and on a short distance. The shape of the area of lacking data near the poles is caused by the diurnal variation in the position of the magnetic poles (and thereby the entire magnetic coordinate system) with respect to the satellite orbit. This variation is stronger in the Southern Hemisphere since there the distance between the corrected geomagnetic and geographic poles is twice as large (16°) as in the Northern Hemisphere (8.5°). We include a plot of the northern polar cap magnetic activity index PCN (e.g., http:// www.dmi.dk/projects/wdcc1/pcn/pcn.html) to indicate geomagnetically quiet (PCN < 1.5) and disturbed (PCN > 1.5) times. According to Vassiliadis et al. [1996] , the selected PCN's division corresponds to the auroral electrojet index AL ' -120 nT.
[18] First, an obvious observation from Figure 4 is that locations of both the dayside and nightside current systems vary in time in accordance with changing geomagnetic activity. The magnetic storm on September 22 -23 is clearly visible as a ''spike'' covering $20°in latitude over both polar regions where FACs are detected at latitudes down to ±50°. The following days after the storm show little activity in the current systems. However, a similar significant intensification in the FAC systems occurred also during September 26 -27, when a magnetic substorm developed over the polar regions; it is clearly seen over both the nightside and dayside in the Northern and Southern Hemispheres. Thus the dayside FAC systems are evidently sensitive to the substorm development at the nightside, as has been observed, for example, by Troshichev et al. [1997] .
[19] As expected, the downward (yellow/red) and upward (blue) FACs alternate in position at the dayside; this is most likely caused by changes in the sign of the IMF B y component. In the southern polar cap a triple-sheet FAC system (downward-upward-downward currents) is sometimes observed; its apparent variability in location fits the expected FAC configuration in accordance with the variations of the orbit plane near the premidnight sector.
[20] The results for the periods of Magsat data are shown in Figure 5 . Here we also see diurnal variations caused by the position of the magnetic poles with respect to the satellite orbit. As expected, we immediately observe the existence of Region 1/ Region 2 field-aligned current systems: at dawn the downward R1 currents flow at higher latitudes and the corresponding R2 upward currents flow at lower latitudes. The direction of the currents is opposite at dusk: the upward R1 currents flow at higher latitudes and the downward R2 currents flow at lower latitudes. This pair of field-aligned currents persists unchanged through varying geomagnetic activity.
[21] Although the location of the dawn-dusk FAC systems depends significantly on geomagnetic activity (see, for example, the remarkable variability of the dusk currents in the northern winter polar cap (topmost section of Figure 5 , right)), the ''average'' locations of the current systems are fairly stable at 72°-75°CGM latitudes in both the northern and southern polar regions irrespective of the season, giving an over-the-pole distance of $34°. Red/yellow areas denote strong data coverage; purple/blue areas denote weak data coverage. The numbers on the color bar refer to the number of current density measurements in bins of 1°magnetic latitude and 20 min MLT. The data have been discarded where the satellites' orbits were passing the CGM latitudes at an angle below 45°. This in combination with the diurnal variation of the magnetic coordinate system relative to the satellite's orbit determines the data coverage. See color version of this figure at back of this issue.
[22] To better analyze the field-aligned current systems shown in Figures 4 and 5, we have computed the average FAC densities versus CGM latitude for the intervals under investigation, where we have separated downward (positive) and upward (negative) currents and also separated the data in disturbed and quiet geomagnetic conditions. We compare northern winter/southern summer (solid lines) to equinox (dashed lines). The two upper plots in [24] From the data in Figure 6 we estimate the ''average'' location of the upward/downward FACs as well as the range in latitude where we can expect to find these currents. We also find the average strength of the FAC systems and the average total downward and upward currents. The results are summarized in Table 1 for Ørsted and in Table 2 for Magsat. Here we describe some of the features that can be seen in Figure 6 and from the Tables 1 and 2.
Location Ranges
[25] We define the FACs location range as the latitudes with an average current density of more than 0.1 mA/m 2 . As expected, we find that the nightside currents are shifted to lower latitudes (by $7°on average) compared to the dayside currents. Compared to equinox, the currents are found at lower latitudes in the winter polar cap and at higher latitudes during summer, with the strongest effect for the dayside currents.
[26] The dawn and dusk current systems are found in considerably larger ranges than the dayside and nightside current systems, extending close to the poles. Inspection of Figure 6 reveals that the cause of this could be Region 0 currents [e.g., Papitashvili et al., 2001] . For example, see the Magsat plot for quiet conditions: the (a) Figure 3 . Two Ørsted passes over the (a) northern and (b) southern polar caps a few hours after the commencement of a magnetic storm on September 23, 1999. The dial plots show the magnetic disturbances in CGM latitude-MLT coordinates. An entry point into the polar cap is marked by a heavy dot at 60°CGM latitudes. Beneath the dial plots are shown the three components of the magnetic disturbance vectors in the coordinates S w (sunward), D w (dawnward), and Z (vertical). The hourly Dst index was À134, À133, À123, and À110 for these passes, respectively. In the dial plots are also shown IZMEM model calculations of the FACs; solid contours indicate downward current, and dashed contours indicate upward currents. The IMF conditions for each pass are printed in the top left of the dial, whereas total downward (Dn) and upward (Up) currents from the model are printed at the top right. R2 (R1) currents have a maximum around 70°(75°), but then significant currents are observed above 80°.
Average Positions
[27] The average positions P of the field-aligned current systems confirm the above results. While the approximate boundaries (computed from the data in Figure 5 ) between the ''quiet'' downward and upward currents at dawn and dusk are all centered near 72°-75°CGM latitude irrespective of season (67°-75°during disturbed conditions), both the ''quiet'' and ''disturbed'' dayside currents during equinox are centered at 75°-77°; the nightside currents are shifted equatorward to 66°-69°, covering a wider range of latitudes for disturbed conditions. Compared to equinox, the ''quiet'' currents in the summer polar cap have moved poleward by $3°on the dayside (from 76.0°± 1.1°to 79.1°± 0.8°) and by $2°on the nightside (from 67.9°± 0.6°to 70.1°± 0.4°), while during winter only the dayside currents are found to move equatorward and only by $1°(to 75.0°± 0.5°) (the nightside currents are actually moving poleward by the same amount (to 68.7°± 0.4°)), both within the statistical uncertainty of the analysis. For the ''disturbed'' currents the picture is less clear: during winter the ''disturbed'' dayside currents move equatorward by 4°-5°, while on the nightside only the upward currents show a poleward shift (by $3°). During summer only the dayside upward currents are shifted (equatorward by $2°).
[28] Averaging the upward and downward currents combined and including both quiet and disturbed conditions, we find an over-the-pole distance between the dawn and dusk field-aligned currents of 33.6°± 1.3°for all seasons combined. This includes a slight increase in the winter polar cap caused by a strong shift equatorward of the currents during disturbed conditions. Compared to this, the over-the-pole distances between the average dayside and nightside currents are higher during equinox (36.0°± 1.3°) and winter (37.3°± 0.8°) and lower during summer (31.8°± 0.9°). Note that this assessment is not statistical but rather characterizes the time intervals under investigation. More statistical studies are underway where the location and intensity of the field-aligned currents are assessed according to the IMF strength and direction.
Upward/Downward Asymmetry
[29] Comparing the relative positions of downward and upward currents in Figure 6 , we see that the Ørsted data give almost identical positions for both the dayside and nightside and for all seasons. This is as expected since the average, owing to the orbit of Ørsted, is over both prenoon and postnoon observations, and the near-noon current systems are, furthermore, strongly dependent on the IMF conditions which varied during the observational periods. However, some upward/downward asymmetry is seen for the disturbed conditions in the northern winter polar cap. For this period the orbit of Ørsted has moved farther into the morning sector (see Figure 1 , top right corner), reaching a more persistent R1/R2 structure. The effect is not as pronounced in the southern polar cap, though the farther location of the CGM pole still caused the orbit to reach the dusk meridian. 
CHRISTIANSEN ET AL.: SEASONAL VARIATIONS OF FIELD-ALIGNED CURRENTS SMP
[30] For the dawn/dusk observations of Magsat the R1/R2 structure is clearly seen, whereas the average positions given in Table 2 are to some extent contaminated by the existence of Region 0 currents. The Region 1 system is found $5°poleward of Region 2, as expected.
Current Densities
[31] The current densities listed in Tables 1 and 2 are smaller than what is typically seen in the literature owing to our choice of methods. Where, for example, Fujii et al. [1981] compute only the current density when identifiable current sheets exist, we are averaging over periods where the current systems are changing position.
[32] Figure 6 shows that the combined upward/downward current densities during quiet conditions typically are in the range 0.30 -0.35 mA/m 2 for all cases except the dayside currents in the summer and equinox polar caps, where a significant intensification to $0.5 mA/m 2 is seen. The dayside currents during winter are of the same intensity as the nightside currents. In the dawn/dusk cases (e.g., Table 2 ) we find that during quiet (disturbed) conditions the current densities of Region 1 are stronger than those of Region 2 by $40% ($50%); these ratios are slightly higher than the ones obtained by Fujii et al. [1981] .
Total Currents
[33] Integrating the current densities for each of the curves in Figure 6 , one may compare the average total upward and downward currents (in A/m). For the dawn/dusk currents we find that the Region 1 currents are generally stronger than the Region 2 currents, though the effect is not very pronounced during quiet conditions where the R1 currents on average exceeds the R2 currents by only 0.02 A/m. Disturbed conditions yield a stronger imbalance, particularly in the winter and summer seasons. On the dayside we most often find a total downward current greater than the upward current, whereas on the nightside the upward current is stronger.
Stability
[34] In order to check the stability of our results over the periods of observation, we have divided our data into subsets of 35 -40 polar passes (in order to get a full sampling of the polar regions within each subset). This gives 4 -5 subsets for disturbed conditions and 16 -19 subsets for quiet conditions (12 for Ørsted at equinox). Computing the average positions of the FACs and the current densities for each subset, we obtain rms deviations for these quantities. The results are given in Tables 1 and 2 
Discussion
[35] Defining the size of the polar cap by estimating the over-thepole distance between the average positions of the dawn-dusk and dayside-nightside field-aligned currents, we conclude from the Magsat data that the ''dawn-to-dusk'' size of the polar cap in both the Northern and Southern Hemispheres is $34°in average independent of season. Ørsted observations show that the ''day-tonight'' size of the polar cap is stable over winter and equinox and is 36°-37°. Though the average nightside FAC system moves slightly poleward from equinox to winter, this is balanced by a movement equatorward of the dayside currents. That day-to-night distance decreases significantly in the summer polar cap with both dayside and nightside currents moving poleward to a distance of $32°. The range is the extent in CGM latitudes where the average currents are > 0.1 mA/m 2 , P is the average position of the FACs, and j || the average density within the range. J || is the current linear density integrated along the orbit from the lowest (55°) to the highest (85°) CGM latitudes. The first four rows correspond to the dashed line of the upper right plot of Figure 6 , the next four rows correspond to the solid lines, and the last eight rows correspond equivalently to the upper left plot. The uncertainties on P, j || , and J || are computed as rms deviations on subsets containing 35 -40 polar passes.
[36] This establishes the general shape and seasonal dependence of the global field-aligned current systems: the ionospheric footprint of the global FAC system is oval-like in shape with a ''fixed'' (on average) dawn-dusk distance of 34°($3800 km), while the day-night distance changes from 36°-37°(4000 -4100 km) during winter and equinox to 32°($3550 km) during summer. This result is consistent with conclusions previously obtained [Fujii et al., 1981] from TRIAD satellite data that the dayside field-aligned currents are found at 1°-3°higher latitudes in the summer hemisphere in comparison to the winter hemisphere. From Ørsted data we conclude also that the nightside currents move poleward in the summer polar cap.
[37] We have also computed estimates of the average FACs over both polar caps and during different seasons. For example, from Table 2 one can see that during equinox all currents are well balanced for both the quiet and disturbed conditions. However, if we average the ''quiet'' R1 current densities at dawn and dusk during all seasons, we obtain $0.19 mA/m 2 , which is $1.5 times larger than the corresponding R2 average ($0.13 mA/m 2 ). For disturbed conditions these densities do not change much during equinox; however, maintaining the same ratio, they double during winter and summer.
[38] Nevertheless, the average current intensities (in A/m) are generally well balanced between Regions 1 and 2 in both the dawn and dusk MLT sectors during all seasons. Holding a hypothesis of a single current source in the magnetosphere, we expect that the currents flowing into the summer polar cap should be of a larger intensity than the currents supplied to the winter polar cap. Fujii et al. [1981] obtained that the R1/R2 current intensities in the dayside portion of the polar cap ''are larger during the summer (in comparison to winter) by a factor of about 2' ' (p. 1103) . In our analysis we confirm these results, though our estimates from Table 2 show the summer/winter ratio to be only $1.5 times during both the quiet and disturbed conditions.
[39] Unlike the results obtained by Fujii and Iijima [1987] , Table 2 does not show an increase in net currents in the sunlit polar cap during quiet conditions. However, considerable net currents are seen for disturbed conditions during winter as well as during summer. These currents are either balanced or even larger in the dusk sector; however, Fujii et al. [1994, Table 1 ] noted that during substorms there appear to be considerable net currents in the dawn and nighttime sector but little net current in the dusk sector. We note that because Fujii et al. [1994] have dealt with currents in the shaded region (comparing to auroral configurations), the latter comparison should better be done with the nightside currents in winter during disturbed conditions in our Table 1 . Thus we conclude that the obtained balance between the corresponding pairs of R1(#") and R2("#) currents at either side of the polar cap, as well as the R1/R2 balance at dawn and dusk, justifies the FAC closure through the meridional currents in the ionosphere.
[40] The dayside and nightside FAC systems should be interhemispherically coupled either through the dayside magnetopause and magnetospheric mantle or through the nightside, substormrelated connection to the magnetospheric plasma sheet. Therefore, though we organized our tables similarly, we should keep in mind that the downward/upward FACs at the dayside and nightside should also be balanced between hemispheres. However, as seen in Figure 1 (top plots), we should admit that our analysis of these currents during winter/summer seasons could be slightly ''contaminated'' by the dayside Region 0 currents. Nevertheless, the numbers in Table 1 show clearly that almost all pairs of the downward/upward FACs at the dayside and nightside are well balanced during all seasons for quiet conditions. During disturbed conditions, one can see that the northern equinox FACs are well balanced because there is almost no ''contamination'' from the R0 currents; however, larger net currents in all other situations indicate that the FAC imbalance likely was caused by the effects from R1/R2 currents, similar to those analyzed in Table 2 from Magsat data. Fujii et al. [1981] , our analysis (see Table 1 ) shows that the dayside FACs during summer are larger by a factor of $1.8 in comparison to winter during quiet conditions; this ratio decreases to $1.6 for disturbed conditions. At the same time, Table  2 shows that the summer/winter FAC ratio is persistent at dawn and dusk, amounting to $1.5 for both the quiet and disturbed conditions. During equinox the interhemispheric FAC ratio (e.g., southern/northern or vice versa) equals exactly 1.0 everywhere at all MLT sectors. This can be explained by the significant increase in the polar cap conductivity AE si caused by solar illumination, while the conductivity AE pp produced by the particles precipitation (i.e., during disturbed conditions) is less important during summer because the resulting conductivity AE is proportional to the corresponding ionization functions: AE = (AE si 2 + AE pp 2 ) 1/2 .
[42] For example, let us assume that only the background particle precipitation produces any conductivity in the winter polar cap and the ''quiet conditions'' summer/winter ratio is 1.8 (that is, AE si sum = 1.8 AE pp win ). Then let us add AE pp disturb $ AE pp win to both the summer and winter background conductivities; this will decrease the ''disturbed conditions'' summer/winter ratio to $1.5. The latter number is close to our estimates for the dayside FACs in Table 1 , but we note that our experimental nighttime summer/winter ratio equals exactly 1.0. However, Newell et al. [2001] show in their review that intense aurora (caused by particle precipitation) are suppressed in sunlight as compared with darkness with the 3:1 ratio. Therefore, in the example above we should add one third of AE pp disturb to the summer conductivity (but the full value to the winter conductivity); that will bring the ''disturbed conditions'' summer/ winter ratio down to $1.3. The latter number is closer to our experimental nightside summer/winter ratio of 1.0, which suggests that the magnetosphere-ionosphere system drives the nightside FACs symmetrically through the two hemispheres. Thus we conclude that the nightside currents are maintained at the same intensity during summer, winter, and equinox for both the quiet and disturbed conditions in both hemispheres, indicating no increases from winter to summer.
Summary and Conclusions
[43] The seasonal effect on spatial configurations of both the R1/R2 and dayside/nightside FAC systems is analyzed in this study. It is shown that the dawn/dusk projections of the R1/R2 system to the ionosphere are separated ''over-the-pole'' by $34°, and this distance is stable through all seasons. The corresponding distance between the dayside and nightside FACs increases from 32°during summer to 37°during equinox and winter. The decrease in the size of summer polar cap is caused by a shift of both daytime and nighttime currents to higher magnetic latitudes.
[44] Our results suggest that the R1/R2 and dayside fieldaligned currents are well balanced between the pairs of downward/upward currents for all seasons as well as between hemispheres during equinox. We were not able to confirm results reported by Fujii and Iijima [1987] and Fujii et al. [1994] that the net currents tend to increase with an enhancement of ionospheric conductivity caused by the solar illumination or substorm activity.
[45] Thus we believe that the results obtained in this study provide the solid confirmation of existing seasonal dependence in the global field-aligned current system generated and maintained by the ''directly loading'' solar wind-magnetosphere interaction, which controls the follow-on ''directly driven'' magnetosphereionosphere coupling processes. This generator produces FACs from various interaction processes, such as the quasi-viscous interaction of the solar wind plasma with the Earth's magnetosphere and reconnection of the IMF B z and B y components with the geomagnetic field at the subsolar magnetopause. We believe that during equinox this source should supply field-aligned currents of the same intensity to both the northern and southern polar caps; this is confirmed in Tables 1 and 2 for the quiet  geomagnetic activity. [46] However, as shown in Tables 1 and 2 , the FAC intensities are larger by a factor of 1.5 -1.8 in the dayside sunlit (summer) polar cap in comparison to the winter hemisphere; at the same time, the nightside currents indicate no increases from winter to summer. Suppression of intense aurora in the sunlit polar cap works in favor of the latter result. The significant difference between the dayside, dawn, and dusk FACs between summer and winter hemispheres may be explained by an ionospheric resistivity ''load'': in darkness the ionospheric conductivity is low, and therefore there are almost no Pedersen currents to close the dawn-dusk R1 and dayside fieldaligned currents; the closure may only occur at the ionospheric F layer altitudes through the Alfvén waves.
[47] We also want to note that 20 years separate observations from the two satellites and both Magsat and Ørsted were flown during solar maximums. The latter does not allow us to estimate correctly if there is any influence on the FAC distributions from the solar activity cycle. 
